found in mire and forest honeys. Some phenolic compounds can be shown to be plant species-specific
Introduction 27
The antibacterial and antioxidant activity of honey is a result of multiple synergistically functioning 28 compounds or factors, which originate from the nectar of plants, honeybees, and the chemical and physical 29
properties of honey (Bogdanov, 2016) . The nectar has been shown to contain e.g. phenolic and volatile 30 compounds, organic acids, pyruvaldehyde called methylglyoxal (MGO) and an enzyme called catalase 31 (Bogdanov, 2016) . While evaporating water from the nectar, honeybees add the enzymes glucose oxidase, 32 invertase and diastase, as well as organic acids, antibiotic-like antifungal peptide compounds and defensin 33 1-protein to the raw honey. In addition, compounds originating from lactic acid bacteria growing in the 34 honeybees' stomach and the antibacterial 10-Hydroxy-2-Decenoic acid originating from royal jelly can 35 contribute to the bioactivity of the honey (Bogdanov, 2016; Fujiwara, Imai, Fujiwara, Yaeshima, Kawashima, 36 & Kobayashi, 1990; Kwakman & Zaat, 2012; Olofsson, Butler, Markowicz, Lindholm, Larsson & Vásquez, 37 3 specialities, such as honeys collected from wild berries, fireweed and mire biotopes can also be found 48 ortho-phosphoric acid in water (=A) and 100% methanol (=B, VWR), and the flow rate was 2.0 ml min -1 . The 123 gradient and the identification of phenolic compounds were carried out according to Salonen et al. (2011) . 124
H 2 O 2 analyses 125
The Amplex® Red Hydrogen Peroxide Assay Kit (Life Technologies Europe BV) was used in H 2 O 2 analysis. The 126 assay was conducted according to the manufacturer's instructions. Amplex red reagent reacts with H 2 O 2 in 127 a 30% honey solution diluted with a phosphate buffer, producing a red fluorescent oxidation product, 128 resorufin. The fluorescence was measured with a multidetection microplate reader (FLUOstar Omega, 129 Ordior BMG LabTech) at an excitation wavelength of 530 and an emission wavelength of 590 nm. The 130 standard curve was set using dilutions of 20 µmol H 2 O 2 standard solution and was used for calculating the 131 results with Omega Software (V3.00 R3). Each sample was analysed in triplicate. 132
MGO measurements 133
The amount of MGO in the honey samples was analysed according to Mavric, Wittmann, Barth & Henle 134 (2008) . MGO was converted to quinoxaline with orthophenylendiamine (OPD, Sigma-Aldrich) as follows: 1 135 ml of 30% honey solution (in phosphate buffer) was mixed with 0.6% OPD and incubated in the dark at 136 room temperature for 16 hours. The samples were then centrifuged for three minute at 4°C (13 000 rpm, 137
Eppendorf 5415R centrifuge, Hamburg, Germany) in order to remove cloudiness. After this the samples 138 were run at 220 nm using HPLC as described above for phenolic compound analysis (chapter 2.5). The 139 results were calculated on the basis of the external standard (MGO standard solution, Sigma-Aldrich). Each 140 sample was analysed in triplicate. 141
DPPH radical scavenging assay 142
The 2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma-Aldrich) assay was carried out by the slightly modified 143 method of Ferreira, Aires, Barreira & Estevinho (2009) . 1 g of honey was dissolved with methanol in a 2 ml 144 volumetric flask. This stock solution was further diluted to three concentrations with methanol. 500 µl of 145 each concentration was mixed with 1000 µl of DPPH (75 mg l -1 ) and incubated at room temperature for 30 146 minutes. The samples were then centrifuged for three minutes at +4°C (13 000 rpm, Eppendorf 5415R 147 centrifuge, Hamburg, Germany) in order to remove cloudiness. The absorbance was measured at 517 nm 148 using a spectrophotometer (Spectronic 20 Genesys, Thermo Electron Inc., Madison, USA Hinton II Agar (MHA) plates and incubated at 37°C for 16-18 h. For antimicrobial screening, a bacterial 159 suspension was prepared by culturing the bacteria in Mueller Hinton II broth (MHB) and incubating it at 160 37°C for 16-20 h, with 100 rpm continuous agitation prior to the assay. 161 2.9.2. Microdilution assay to assess antimicrobial activity 162
The antimicrobial screening assay was performed by the broth microdilution method after the standards of 163 the Clinical and Laboratory Standards Institute (2013). Briefly, bacterial suspensions were diluted with MHB 164 in order to obtain an inoculum with 5x105 colony-forming units (cfu) ml -1 for all the bacteria in the assay. 165
Analyses were conducted in clear 96-well microtiter plates using 10 µl of microbial suspension and 190 µl of 166 sample solution diluted in the assay medium. Ciprofloxacin was used as a positive control. The plates were 167 incubated, with agitation, for 24 h at 37°C (Biosan Thermo-Shaker PST-60HL-4). Absorbance was measured 168 at 620 nm using a plate reader (Thermo Fisher Scientific Multiskan GO using program SkanIt RE, version 3.2) 169 at the beginning of the assay and after 4, 8 and 24 hours' incubation. The antimicrobial activity of the 170 samples was calculated from the absorbance values by comparing them to the controls, and the activity8 was expressed as inhibition percentage of growth. All the honey samples were first tested at 172 concentrations of 30% and 15% dilution (w/v, with three replicates). Honey samples that showed inhibitory 173 activity higher than 85% in the preliminary screening were selected for dose-response experiments in order 174 to determine the minimum inhibitory concentration (MIC 90 ) (with two-fold dilution, using eight 175 concentrations from 30 to 0.23%). The MIC 90 value was expressed as the lowest concentration (%) of honey 176 that inhibited microbial growth by ≥ 90%. The MIC 90 value was measured in two independent experiments. 177
Ciprofloxacin was used as a positive control. 178 2.9.3. Determination of the minimum bactericidal concentration (MBC) 179
The MBC assay was carried out for samples with no visible bacterial growth after the MIC 90 assay. From 96-180 well microtiter plates, a 50 µl sample of each concentration with no growth was taken and plated on MHA 181
plates. The plates were incubated for 24 h at 37°C, and the number of the colonies was counted. The MBC 182 assay was carried out with two replicates. 183
Statistical analysis 184
Correlation analysis was carried out to determine the relationships between the main components. As the 185 data were not normal, nonparametric Spearman's rank correlation analysis was used (IBM® SPSS® Statistics 186 22.) 187 3. Results and discussion 188
Honey samples 189
Defining unifloral honeys is not easy, and it is difficult to obtain references for pure unifloral honeys as bees 190 collect nectar non-selectively from all plant species growing around their hive (Oddo & Bogdanov, 2004) . 191
Unifloral honey samples for this study were collected directly from beekeepers ( (Table 2 ). In European honey samples, the amount of pollen from the dominating plant 210 species in unifloral honeys should be over 45% of all the pollen counted (Von der Ohe, Persano Oddo, 211 Piana, Morlot, & Martin, 2004) . In Nordic honey samples, this is not the case. For example, in many Nordic 212 unifloral honeys, e.g. fireweed, pollen of botanical origin is highly under-presented (Salonen, 2011) . In this 213 study, a 45% share is met only in the clover #50 and 51, rape #48 and 49, heather #29, and raspberry #33 214 honey samples (Table 1) . Nevertheless, all unifloral honey samples had the organoleptical properties as 215 proposed for the honey type and accordingly they were accepted for this study as unifloral honeys. 216
Colour 217
For the colour of the honey samples, the CIELAB L* a* b* colour coordinates were calculated ( Table 1 ). The 218 botanical origin and storage conditions affect the colour coordinates L* a* b* of the honey (Brudzynski, &mineral content of the honey (Gonzales-Miret et al, 2005) . In this study, low a* values of Nordic honey 221 samples indicate that there is little red colour in these honey varieties. The negative a* value indicates that 222 the honey presents some green components, as was the case in the rape (#48 and 49) and the artificial 223 (#45) honey samples. Most of honey samples had a high level of yellow colour as the high parameter b* 224
shows. The L* value ranged between 50.2 and 96.6 meaning that all Scandinavian unifloral honey samples 225 were rather bright or pale, while dark honeys are more rare. In our previous studies, fireweed honey has 226 been reported to be very light coloured (Salonen et al., 2011) . 227
Carbohydrate content 228
The HPLC-method used was capable of separating fructose, glucose, sucrose, trehalose, isomaltose, 229 raffinose, panose and gentiobiose, while turanose/palatinose, maltose/cellobiose and erlose/melezitose 230 were eluted as overlapping peaks and could not be identified or quantified separately. Fructose is the main 231 sugar in unifloral honeys (Table 3) , with the exception of the samples dandelion # 26 and rape #48 and 49, 232 where the amount of glucose was higher. Sucrose was absent from dandelion, heather, honeydew, lime 233 tree, lingonberry, mire and rape honeys, while the highest sucrose content was found in buckwheat honey 234 (2.12 g 100 g -1 , Table 3 ). The amount of disaccharide turanose/palatinose varied between 0.22 and 1.51 g 235 100 g -1 , maltose/cellobiose between 0.35 and 1.97 g 100 g -1 , trehalose between 0.18 and 1.30 g 100 g -1 , and 236 isomaltose between 0.11 and 1.35 g 100 g -1 . Oligosaccharide raffinose was found only in mire honey (#3 237 and 4) and panose in only one polyfloral honey (#5). The amount of erlose/melezitose varied between 0.11 238 and 2.30 g 100 g -1 . Gentiobiose, which has been found in lime tree honey (Cotte, Casabianca, Chardon, 239
Lheritier & Grenier-Loustalot, 2004), was not found in lime tree honey samples (#30 and 37) in this study. 240
This may be due to the different varieties and/or different growing area of the lime trees. The amount of 241 oligosaccharides was the lowest in rape honeys (#48 and 49) and the highest in caraway honey (#6) ( Table  242 3). 243 3.5. MGOMGO is a component of honey which originates from nectar, but is not found in fresh honey. It is formed 245 during honey storage from dihydroxyacetone, which is converted non-enzymatically into MGO (Mavric et 246 al, 2008) . In this study, the amount of MGO was measured for the first time from Nordic unifloral honeys. It 247 was one of the most important finding of this study, that the amount of MGO was as high as 166 mg kg -1 in 248 some honey samples ( Figure 1A ). The highest producers of MGO were honeys collected from mire #3 and 4 249 or polyfloral honey #5. MGO was not found in caraway #6, sweet clover #8 or dandelion honeys #25, 26 and 250
35 from Sweden and Norway, nor in any heather honey samples. In the phenolic compound assay, the Phenomenex Strata X SPE cartridges were easy to use and gave 266 comparable results to those of our earlier studies (Salonen et al. 2011) . Identification of the phenolic 267 compounds was based on commercial standards, retention times and HPLC-DAD/MS-identification of the12 considerably according to botanical origin. We identified 33 phenolic compounds from our Nordic honey 270 samples, namely, 14 cinnamic acid derivatives, 6 phenolic acids and 13 flavonoids (Table 4 ). The total 271 amount of phenolics in the samples varied from 9.4 mg kg -1 (#24 willow) to 55.2 mg kg -1 (mean heather 272 honeys). The number of individual phenolic compounds detected in the honey samples ranged between 7 273 and 18. Some phenolic compounds can be shown to be plant species specific floral markers. In Nordic 274 honey samples, high benzoic acid content seems to be typical for heather honeys and the high content of 275 tetragalloylglucose is typical for caraway honey (Table 4 ). In fact, it has been shown in the previous study 276 (Salonen, 2011) , that tetragalloylglucose, high number of phenolic and cinnamic acid derivatives and the 277 marked amounts of benzoic acid are typical for Nordic honeys. Some of these compounds may originate 278 from the Nordic phenolic-rich propolis, in which these are the main components (Salonen, Saarnio & 279 Julkunen-Tiitto, 2012) . Fireweed honey had the largest quantities of a flavonoid called kaempferol 3-O-280 rhamnoside, which has also been found in the nectar of fireweed (Salonen, 2011) but not in American 281 fireweed honey (Gheldof, Wang, & Engeseth, 2002) . Rape honey was the only honey variety containing 282 unknown myricetin derivative. In our study, a high amount of coumaric acid was found in buckwheat 283 honey, which agrees with the content of phenolic acids analysed from buckwheat honey originating from 284 Lithuania (Ramanauskiene, Stelmakiene, Briedis, Ivanauskas, & Jakštas, 2012) and America (Gheldof, et al., 285 2002) . However, we did not find any chlorogenic acid in our raspberry honeys which was the main phenolic 286 acid in Lithuanian raspberry honeys (Ramanauskien et al., 2012) . Ellagic acid is another typical phenolic 287 compound in raspberry honey (Escuredo, Silva, Valentão, Seijo, & Andrade, 2012; Salonen et al., 2011) , and 288 in this study, it was also found in the lingonberry honey (Table 5) . 289
Antioxidant activity 290
Antioxidant activity was measured by DPPH assay, which is an easy spectrophotometric method for 291 screening and measuring the antioxidant activity of honey samples. The results are presented as IC 50 values 292 ( Figure 1C ). Buckwheat #14 and clover #50, two heather, #28 and 52, honeydew #27, two mire honeys #3 293 and 4, raspberry #23 and surprisingly, polyfloral honeys #5, 39 and 40 had high antioxidant activity with IC 50 294 values lower than 5 mg ml -1 . Beretta, Granata, Ferrero, Orioli, & Facino (2005) measured the antioxidant 295 activity of Italian unifloral honeys, finding high antioxidant activity in buckwheat honey. They found 296 moderate antioxidant activity (IC 50 value from 5 to 50 mg ml -1 ) in dandelion and clover honeys, which 297 agrees with our results ( Figure 1C ). These results suggest that honeys of the same botanical origin from 298 different countries have similar antioxidant activity, and that the antioxidant capacity of the honey may be 299 defined by the floral origin. 300
Light coloured honeys such as fireweed and rape possessed very low antioxidant activity (IC 50 higher than 301 100 mg ml -1 ). In many studies it has been observed that dark coloured honeys have stronger antioxidant 302 powers than lighter honeys (e.g. Blasa, Candiracci, Accorsi, Piacentini, Albertini, & Piatti, 2006) . In our study 303 we had no dark honeys (see chapter 3.3). Artificial honey had no antioxidant activity which indicates that 304 the carbohydrates in honey have no effect on antioxidant activity. 305
Pichichero, Canuti and Canini (2009) studied the total phenolics and antioxidant activity of Italian honeys. 306
They found a strong correlation between phenolic content and DPPH value, concluding that the phenolic 307 content of the honey samples is involved in the antioxidant activity of the honey. A similar correlation was 308 also found by Gheldof et al. (2002) . They suggested that phenolic compounds are important antioxidant 309 factors, but without any doubt, many other compounds are also involved in the oxidation processes. In our 310 study, no correlation (-0.26) was found between total phenolic content and antioxidant activity (Table 2) . 311 3.9. Antibacterial activity 312
The antibacterial activity of the honey samples was tested against gram-bacterium P. aeruginosa and 313 gram+ bacterium S. aureus. As 30% dilutions, all the honeys and the artificial honey showed 65-100% 314 inhibition against P. aeruginosa. Only five honeys (#6, 7, 15, 35 and artificial honey) had an inhibition lower 315 than 80% ( Figure 1D ). When 15% honey dilution was used, the inhibition of most of the honey samples was 316 reduced, and only buckwheat #14, raspberry #23 and honeydew #27 had over 85% inhibition against the 317 growth of P. aeruginosa ( Figure 1E) . The results for gram-positive S. aureus were different. All the 30% 318 honey dilutions exhibited inhibition from 13 to 96%, while ten unifloral honeys also displayed highMIC 90 values were determined for the honey samples showing inhibitory activity higher than 85% in the 321 primary screening. A 15% dilution level was the MIC 90 value for buckwheat #14, raspberry #23 and 322 honeydew #27 honeys ( One of the most important findings in this study was that all the honeys with the highest antibacterial 328 activity proved to be bactericidal, as well. The MBC results (Table 5) indicate that seven unifloral honey 329 samples were able to kill S. aureus as 15% dilutions (sweet clover #8, polyfloral #17, buckwheat #22, 330 raspberry #23, honeydew #27, and heather #29 and #36). Buckwheat #14, heather #31 and polyfloral #40 331 honeys had the lowest MBC value at 7.5% dilution. Buckwheat #14 and honeydew #27 were able to kill P. 332 aeruginosa at 15% dilution (Table 5) It has been shown that the less acidic honeys inhibit the growth of bacteria more than do the acidic 337 varieties (Gallardo-Chacón, Caselles, Izquierdo, & Rius, 2008) . In contrast to these findings, our study 338
showed that, at 15% honey dilution, the least acidic mire #3 and 4 and polyfloral #5 samples had very low 339 inhibition against both bacteria in this study. 340
The honey samples buckwheat #22, heather #29, 31 and 36, sweet clover #8 and polyfloral #17 and 40 had 341 high antibacterial activity against S. aureus as 15% dilutions, and they also showed high or moderate 342 antioxidant activity. The phenolic content of these samples was high and there is also a high positive 343 correlation (0.57) between total phenolic content and inhibition against S. aureus with 15% honey dilution 344 (Table 2) . Estevinho, Pereira, Moreira, Dias, & Pereira, (2008) have reported that S. aureus is the mostsensitive bacterium to the phenolic compounds of honey. In our study, five individual phenolic compounds, 346 namely benzoic acid, tetragalloylglucose derivative, rhamnetin derivative 1, galangin derivative 2 and 347 apigenin correlated significantly with inhibition results of 15% honey dilutions on S. aureus, while 348 corresponding results of P. aeruginosa correlated significantly only with kaempferol derivative and 349 quercetin 3-O-rhamnoside (Table 4) . 350
Brudzynski (2006) tested the antibacterial properties of buckwheat, clover, sweet clover, dandelion and 351 fireweed honeys from Canada using Escherichia coli and Bacillus subtilis. Their dandelion and fireweed 352 honeys gave similar inhibition results as those found in our study ( Figure 1D ). However, the inhibition 353 properties of their sweet clover samples were different. In our study, sweet clover honey had a stronger 354 inhibiting effect against the growth of gram-positive bacteria, but in the Canadian study, its inhibition effect 355 was stronger against gram-negative bacteria. Escuredo et al. (2012) studied the properties of Rubus honeys 356 from Portugal and they found antibacterial inhibition that was higher against P. aeruginosa than against S. 357 aureus. Our findings were similar. 358
Buckwheat honey was one of the honeys which had the high antibacterial and antioxidant activity honey 359 varieties in our study. Same results were found by Huttunen et al. (2012) who tested the antibacterial 360 activity of buckwheat honey, and found out that the 20 and 40% dilutions displayed high inhibition against 361 S. aureus. Brudzynski, Abubaker & Wang (2012) have also proved that buckwheat honey has powerful 362 bactericidal properties. They stated that H 2 O 2 was one active component in the bacteria-killing mechanism 363 of buckwheat honey, causing oxidative damage and bacterial DNA degradation. However, they concluded 364 that H 2 O 2 does not accomplish this alone but the bactericidal properties of buckwheat honey result from 365 several honey components. 366
Unifloral honey specialities from the Nordic ecoregions are mire, fireweed and lingonberry honeys. As 367 shown in our earlier study (Salonen, & Julkunen-Tiitto, 2012) , mire honeys had high pH and electrical 368 conductivity and low content of phenolic compounds. In this study, we found that the MGO content in mire 369 honey samples was the highest, they were able to inhibit the growth of S. aureus as 15% dilutions, and theyalso exhibited high antioxidant activity. Fireweed honey samples had high inhibition against both bacteria 371 as a 30% dilution. Huttunen at al. (2012) found high inhibition against the growth of Streptococcus 372 pneumoniae and S. pyogenes for 20% fireweed honey dilutions. Our lingonberry honey had moderate 373 antioxidant activity and high inhibition against both bacteria as a 30% dilution. 374
Conclusions 375
Seventeen out of thirty nine Nordic honey samples had high antibacterial and/or antioxidant activity. 376
Nordic unifloral honeys derived from fourteen floral origins exhibited antibacterial activity against P. 377 aeruginosa and/ or S. aureus. In addition, the polyfloral honeys in this study were also antibacterial. 378
Moreover, all the honeys tested in the MBC assay were bactericidal. Although surprisingly high levels of 379 MGO were found in Nordic forest honeys, the mechanisms of antibacterial and antioxidant activities are as 380 yet unknown and hard to explain by one or few factors. The multifactorial origin of the mechanisms is a 381 benefit, as it lowers the risk of bacterial resistance. 382
Our data indicate that it is possible to find Nordic unifloral honeys which have high antibacterial and 383 antioxidant activity. They could be utilised for several purposes. When honey is used in special contexts, 384 such as in the chemical industry or in clinical practice, the selection of the honey variety is important. As 385 presented here, there is great variation in the bioactivity of individual unifloral honeys, and with reliable 386 research data, it is possible to choose a right honey variety for different uses. 387
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